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Islet amyloid polypeptide (IAPP) is a major component of
amyloid deposition in pancreatic islets of patients with type 2
diabetes. It is known that IAPP can inhibit glucose-stimulated
insulin secretion; however, the mechanisms of action have not
yet been established. In the present work, using a rat pancreatic
beta-cell line, INS1E, we have created an in vitro model that
stably expressed human IAPP gene (hIAPP cells). These cells
showed intracellular oligomers and a strong alteration of glu-
cose-stimulated insulin and IAPP secretion. Taking advantage
of this model, we investigated the mechanism by which IAPP
altered beta-cell secretory response and contributed to the
development of type 2 diabetes.We havemeasured the intracel-
lular Ca2� mobilization in response to different secretagogues
as well as mitochondrial metabolism. The study of calcium sig-
nals in hIAPP cells demonstrated an absence of response to glu-
cose and also to tolbutamide, indicating a defect in ATP-sensi-
tive potassium (KATP) channels. Interestingly, hIAPP showed a
greater maximal respiratory capacity than control cells. These
data were confirmed by an increased mitochondrial membrane
potential in hIAPPcells under glucose stimulation, leading to an
elevated reactive oxygen species level as compared with control
cells. We concluded that the hIAPP overexpression inhibits
insulin and IAPP secretion in response to glucose affecting the
activity of KATP channels and that the increased mitochondrial
metabolism is a compensatory response to counteract the secre-
tory defect of beta-cells.

Type 2 diabetes is characterized by impaired insulin secre-
tion with a progressive decline in beta-cell mass and function
(1, 2). A main characteristic of type 2 diabetes is the extracellu-
lar accumulation of amyloid fibrils in pancreatic islets (3, 4).
Themain component of these deposits is the islet amyloid poly-
peptide (IAPP).2 Specifically, human IAPP (hIAPP) but not

rodent IAPP is amyloidogenic (5). Pancreatic beta-cells co-ex-
press and co-secrete IAPP and insulin in response to several
secretagogue stimuli (6–8). It is well established that IAPP is
implicated in the pathogenesis of diabetes because it forms
amyloid deposits leading to beta-cell death (9–12). In addition,
although different studies have demonstrated that IAPP can
inhibit glucose-stimulated insulin secretion (GSIS) (13–15), the
mechanisms of action have not been established.
In pancreatic beta-cells, GSIS depends critically on the activ-

ity of ATP-sensitive potassium channels (KATP), which serve as
a coupling factor between changes in glucose metabolism and
membrane electrical activity (16, 17). These channels are
hetero-octameric complexes comprising four inward-rectifier
potassium ion channels (Kir6.2) and four regulatory sulfonyl-
urea receptors (SUR1) (18). Gain-of-function mutations of
Kir6.2 are associated with defective GSIS and the development
of type 2 diabetes (19, 20), whereas loss of functionmutations of
Kir6.2 and SUR1 are the most common causes of congenital
hyperinsulinism of infancy, a disease characterized by inappro-
priate insulin secretion and a severe hypoglycemia (21–23). In
pancreatic beta-cells, KATP channel activity ismodulated by the
ATP/ADP ratio, which largely depends on ATP production by
mitochondrial respiratory chain through oxidative phosphor-
ylation (OXPHOS). In the presence of higher glucose metabo-
lism, and consequently increased levels of ATP, the KATP chan-
nels close, resulting in depolarization of the plasma membrane
(24). This results in the opening of the voltage-gated calcium
channel (VCC) and consequently increased concentration of
intracellular Ca2� ([Ca2�]i), provoking the exocytosis of insulin
vesicles.
Over the last few years, several authors have debatedwhether

soluble IAPP oligomers or amyloid fibrils are toxic species
responsible for beta-cell death as recently reviewed in Ref. 25.
Recently, it has become possible to detect the toxic form of
hIAPP oligomers with specific antibodies that do not cross-
react with IAPP soluble monomers or amyloid fibrils (26, 27).
Using this technique, Gurlo et al. (28) detected the presence of
IAPP oligomers in insulin vesicles and mitochondrial mem-
branes of hIAPP transgenic mice.
Recently, Zhu et al. (29) investigated the effects of extracel-

lular hIAPP treatment on the activation of VCCs, as well as
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[Ca2�]i and insulin secretion in rat islets. They found thatVCCs
were inhibited by high concentration of extracellular hIAPP,
and they proposed that the reduction of GSIS in hIAPP-treated
islets is the result of IAPP inhibition of VCCs (29). The mech-
anismwas not described, but the authors suggested that it could
also be involved in the activity of KATP channels.
The main objective of this work is to investigate whether

hIAPP overexpression could affect beta-cell function and by
which mechanisms. In the present study, we obtained a beta-
cell line that stably overexpressed the human IAPP gene (hIAPP
cells). At first, we observed that hIAPP overexpression induced
the formation of intracellular oligomers and altered beta-cell
function. Indeed, hIAPP cells showed a defect in insulin and
IAPP secretion in response to glucose. Then, to determine by
whichmechanismhIAPP alters beta-cell secretory function, we
studied the effects of hIAPP overexpression on [Ca2�]imobili-
zation in response to glucose or sulfonylurea drug and mito-
chondrial metabolism.

EXPERIMENTAL PROCEDURES

Establishment of Stable Cell Line Overexpressing hIAPP and
Cell Culture

The hIAPP and rIAPP transcripts were amplified by poly-
merase chain reaction (PCR), using as template the construct
described previously (30) or INS1E cells, respectively. The
amplified fragments were ligated into the EcoRI and EcoRV
sites of pcDNA3 for the construction of pcDNA3-hIAPP and
pcDNA3-rIAPP, respectively. The rat pancreatic beta-cell line
INS1E was plated at a density of 1 � 106 cells per 100-mm
diameter culture dish in RPMI 1640 medium containing 11.1
mM glucose and supplemented with 10% fetal bovine serum, 2
mmol/liter L-glutamine, 5 �mol/liter �-mercaptoethanol, 100
units/ml penicillin, and 100 �g/ml streptomycin at 37 °C with
5% CO2. After 48 h, the cells were transfected with 10 �g of
human IAPP gene plasmid DNA, rIAPP plasmid DNA, or
pcDNA3 using Lipofectamine. Two days after transfection, 800
�g/ml Geneticin was added to culture medium. Two weeks
later, Geneticin-resistant colonies were picked, and colonies
were expanded into stable cell lines in the presence of 200
�g/ml Geneticin.

Lentiviral Production and Titration

Rat islets were infected by lentivirus construct containing
hIAPP cDNA under the control of its own promotor. The
hIAPP gene promotor was obtained by digestion of pGL3 plas-
mids constructs (31), and the cDNA was amplified by PCR
using as template; the construct was as described previously
(30). The pLenti-hIAPP was constructed using the pLenti6/V5
Directional TOPO� cloning kit (Invitrogen) according to the
manufacturer’s protocol. pLenti6/UbC/V5-GW/LacZ (pLenti-
LacZ) was used as control. Then, virus constructs were
co-transfected with ViraPowerTM packaging plasmid mixture:
pLP1, pLP2, and pLP/VSV-G (Invitrogen) into 293FT cells
using Lipofectamine 2000. The viral titer was determined by
transduction of mPac cells with serial dilutions of the viral
supernatant and colony counting after blasticidin selection (10
�g/ml).

Islets Isolation, Culture, and Infection

Islets were obtained from Wistar rats, isolated through col-
lagenase perfusion and Histopaque gradient (Sigma), and cul-
tured as described previously (32). Infection was performed
24 h after isolation. Briefly, 200 islets were resuspended in 2 ml
of culture medium at 5.5 mM glucose containing virus particles
at a multiplicity of infection of 600 and Polybrene to a final
concentration of 8 �g/ml. The next day, the culture medium
was refreshed, and islets were maintained in culture during 6
days before insulin secretion studies.

Transmission Electron Microscopy

Ultrastructure Observations—Cells were fixed with 2.5%
glutaraldehyde for at least 2 h at 4 °C, washed in phosphate
buffer and postfixed in 1% osmium tetroxide for 1 h at 4 °C,
dehydrated in a graded acetone series, and embedded in epoxy
resin (Durcupan). Semithin sections were cut with a glass knife
at 1–3 �m and stained with methylene blue. For electron
microscopy, ultrathin sections (70–90 nm) were cut on an
ultramicrotome (Reichert Ultracut E; Leica) using a diamond
knife (Diatome) and collected on 200-mesh copper or gold
grids. Staining was performed on drops of 1% aqueous uranyl
acetate followed by Reynolds’s lead citrate. Ultrastructural
analyses were performed in a Jeol-1010 electron microscope at
80 kV, and images were acquired with a Gatan Bioscan 972
camera.
Immunolabeling—Ultrathin sections for single and double

immunostaining were cut and picked up on 200-mesh gold
grids and immunolabeled. The sections were first etched on
droplets of sodiummetaperiodate for 30min (9) and washed in
five changes of deionized distilled water. The sections were
then incubated in Tris-buffered saline (TBS) containing 1%
bovine serum albumin (BSA), 20mM glycine, and 150mMNaCl
for 30 min to prevent nonspecific binding followed by incuba-
tion with the primary antibody anti-oligomer (Invitrogen) for
2 h at room temperature and then incubated with goat anti-
rabbit (British BioCell International) gold conjugate (15 nm)
diluted 1:25 for 1 h at room temperature. Control sections were
treated identically except for omission of the primary antibody.
Sections were counterstained for 15 min in uranyl acetate and
for 5 min in lead citrate.

RNA Isolation and Real-time PCR

Total RNAwas extracted usingTRIZOL reagent (Invitrogen)
following the manufacturer’s instructions. Thereafter, cDNA
was synthesized from 2 �g of total RNA using SuperScript III
reverse transcriptase (Invitrogen). The genes were amplified
using SYBR Green PCR core reagents (Eurogentec). Real-time
PCR was carried with 50 ng of cDNA in a Light Cycler 480 II
sequence detection system (Roche Applied Science) following
the manufacturer’s instructions. A standard curve of each
primer set was generated from serial dilutions of cDNA. PCR
products were verified using dissociation curve analysis after
the run using SDS software (Roche Applied Science). Expres-
sion levels were normalized to TATA box-binding protein
(TBP) or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA and represented in arbitrary units.
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Immunodetection

Cells were fixedwith 10% formalin. Then, cells were permea-
bilized and blocked with PBS containing 0.1% BSA and 0.1%
Triton X-100 and PBS with 1% BSA, respectively. After over-
night incubation at 4 °C with rabbit anti-IAPP (1/100,
Biochem), cells were incubated for 1 h with Cy3 donkey anti-
rabbit IgG antibody (1/500; GE Healthcare; red fluorescence).
Hoechst 33258 (1/5000; Sigma) was used for nuclear counter-
staining. Images were captured using a fluorescence micro-
scope (DMRB; Leica).

Insulin and IAPP Secretion

Cells or islets were preincubated in HEPES-buffered Krebs-
Ringer bicarbonate medium without glucose for 2 h at 37 °C
with 5% CO2. Then, the medium was substituted by the same
medium but supplemented with 2.8 or 16.7 mM glucose or 30
mMKCl at 37 °Cwith 5%CO2. At the end of the experiment, the
supernatant was recovered and centrifuged to avoid cell con-
tamination to measure insulin and IAPP release, and cells or
islets were extracted with acid-ethanol solution to measure
insulin and IAPP content. Insulin and IAPP release and content
were determined by insulin ELISA (Mercodia) and amylin
ELISA (Millipore), respectively.

Apoptosis Assay

Cells were stained with annexin V-FITC and propidium
iodide using an annexin V-FITC apoptosis detection kit (BD
Biosciences). Samples were analyzed by FACS within 1 h on a
FACSCalibur with Cell Quest software (BDBiosciences). FACS
gating based on forward and side scatter of 20,000 cells was
included for analysis. Annexin V-FITC- and propidium iodide-
negative cells were considered as viable, annexin V-FITC-pos-
itive cells were considered as early apoptotic, and those positive
for both annexin V-FITC and propidium iodide were consid-
ered as late apoptotic or dead cells.

Recording Intracellular Calcium ([Ca2�]i)

Before the assay, cells were placed overnight at 2.8 mM glu-
cose. Cells were loaded with 5 �M fura 2-AM (Molecular
Probes) for at least 1 h at 37 °C and 5%CO2. Cells were placed in
a chamber mounted on the microscope stage and perfused at a
rate of 1.5 ml/min with a modified Ringer’s solution (33) con-
taining glucose, KCl, or tolbutamide. Calcium records were
obtained by imaging intracellular calcium under an inverted
epifluorescence microscope as described previously (33). Fluo-
rescence changes were expressed as the ratio of fluorescence at
340 and 380 nm (F340/F380), and the increment of fluorescence
(�F340/F380) was obtained by subtracting the mean basal fluo-
rescence levels in the absence of stimulus (2.8mMglucose) from
the fluorescence value during the stimulus (16.7mM glucose, 30
mM KCl, or 100 �M tolbutamide).

Oxygen (O2) Consumption

Before the assay, cells were placed overnight at 2.8 mM glu-
cose. O2 consumption measurements were performed on live
cell suspension. Cells were scraped, and approximately three
million cells were placed into an oxymeter chamber of an Oxy-

graph-2k (Oroboros Instruments) in 2ml of RPMImedium (2.8
mM glucose) at 37 °C and stabilized for at least 10 min without
drugs. At first, theO2 consumptionwas evaluated by raising the
glucose concentration in the chamber from 2.8 to 16.7 mM.
After recording the respiration in the absence of drugs, the
uncoupled respiration was determined in the presence of the
ATP synthase inhibitor, oligomycin (4�g/ml) (Sigma-Aldrich).
The maximum respiration of cells induced with 0.5 �M car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP,
Sigma-Aldrich) was also measured. Prior to the assay, air cali-
bration was performed according to the manufacturer’s
protocol.

ATP Measurement

Before the assay, cells were placed overnight in 2.8 mM glu-
cose. Cells were disrupted by passive lysis buffer (Promega).
Following a 20-min incubation, extracts were centrifuged
(10,000 � g, 5 min) at 4 °C. ATP was measured in duplicate
using a luciferin-luciferase bioluminescent assay (Promega).
Light emission was recorded for 30 s using a photon-counting
luminometer (Turner BioSystems). ATP concentration was
obtained by comparison with known standards (0–100 pmol)
prepared in parallel with the cell extracts.

Western Blot Analysis

Cultured cells were washed twice with ice-cold PBS, scraped,
and resuspended immediately in lysis buffer containing: 5 mM

EDTA, 50mMTris-HCl, 150mMNaCl, 1%TritonX-100, 10mM

sodium phosphate, 10mM sodium fluorite, 10% protease inhib-
itor mixture (Sigma-Aldrich). Protein content in the lysate was
measured using the Bio-Rad Protein Assay kits (Bio-Rad). Pro-
tein samples (30 �g) were subjected to SDS-PAGE and trans-
ferred to PVDFmembranes (PerkinElmer Life Sciences). Then,
themembranes were blockedwith 2% nonfat drymilk, and they
were incubated with anti-OXPHOS total antibody (1/500,
MitoSciences) or anti-actin antibody (1/1000) before being
incubated with the appropriate HRP-conjugated antibodies
(GEHealthcare). Protein bands were revealed by using the ECL
chemiluminescence reagents kit (Pierce).

Mitochondrial Membrane Potential (��m) Measurement

Before the assay, cells were placed overnight in 2.8 mM glu-
cose. ��m was evaluated by raising the glucose concentration
from 2.8 to 16.7 mM using a specific probe: rhodamine-123
(Molecular Probes). This indicator dye accumulates in mito-
chondria in proportion to ��m. ��m was monitored using the
same imaging system described in Ref. 33 with conventional
fluorescein filters (34, 35).

Reactive Oxygen Species (ROS) Assay

Before the assay, cells were placed overnight in 2.8 mM glu-
cose. ROS productionwas evaluated by raising the glucose con-
centration from 2.8 to 16.7 mM and using a specific probe:
5-(and-6)-chloromethyl-2�,7�-dichlorodihydrofluorescein di-
acetate, acetyl ester (CM-H2DCFDA) (Molecular Probes). The
fluorescence intensity is proportional to the ROS levels within
the cell cytosol and was detected using a fluorometric plate
reader at 480/530 nm (Infinite� 200, Tecan).
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Statistical Analysis

Data are expressed as mean � S.E. for at least three inde-
pendent experiments in duplicate. Variances in different
groups were analyzed by Student’s t test. p value �0.05 was
accepted as significant.

RESULTS

Overexpression of hIAPP Alters Glucose-stimulated Insulin
and IAPP Secretion—To investigate the effects of hIAPP over-
expression on insulin secretion, a rat pancreatic beta-cell line,
INS1E, was stably transfected with hIAPP cDNA (hIAPP cells)
or the empty vector (control cells). Overexpression of hIAPP
was confirmed by real-time PCR (Fig. 1A) and immunodetec-
tion (Fig. 1B). Three hIAPP-overexpressing clones were com-
paredwith the control clone. The hIAPP1 clone showed a lower
hIAPP gene expression as compared with the other two clones
(Fig. 1A). The overproduction of hIAPP protein was confirmed
by immunostaining in the hIAPP3 clone. The hIAPP immuno-
labeling was observed in the cytoplasm, and the staining inten-
sity was clearly stronger in hIAPP cells than in control cells
(Fig. 1B).
To study the functionality of our cell clones, we have mea-

sured insulin and IAPP secretion in response to glucose. Insulin
secretion from control cells at 16.7 mM glucose was increased
11-fold relative to secretion at 2.8 mM glucose, but in hIAPP
cells, it was only stimulated 2-fold (Fig. 2A). Interestingly,
hIAPP1 cells, which had the lowest hIAPP gene expression,
showed a better capacity of insulin release in response to glu-
cose than the two other clones. At 2.8 mM glucose, hIAPP cells
showed a greater IAPP secretion relative to control cells (Fig.
2B). Nevertheless, in response to glucose, IAPP secretion was
affected in the same way as insulin secretion in hIAPP cells as
compared with control cells (Fig. 2B).
For the continuation of the study, we no longer used the

hIAPP1, which had low hIAPP gene expression. As the other

two hIAPP clones responded in a similar way to glucose, the
following experiments were exclusively carried out in hIAPP3
cells. The defect in insulin secretion observed in hIAPP cells
does not appear to be associated with a defect in the VCC acti-
vation because exposure of hIAPP cells to KCl induced a strong
insulin secretion about 17-fold as in control cells (Fig. 2C). By
electronicmicroscopy, at 2.8mMglucose, we observed the pres-
ence of secretory vesicles associated to the plasmatic mem-
brane in both clones (Fig. 2D, panels a and c). At 16.7 mM glu-
cose, we observed few vesicles in control cells because insulin
and IAPP had been already secreted in response to glucose (Fig.
2D, panel b), whereas hIAPP cells showed an accumulation of
secretory vesicles at the plasma membrane (Fig. 2D, panel d).
This result supports the existence of the defect of insulin secre-
tion in hIAPP cells in response to glucose.
To confirm that defect of capacity of insulin release in hIAPP

cells was specific for hIAPP overexpression, we have created
another INS1E cell line that stably overexpressed rIAPP. Over-
expression of rIAPP was confirmed by real-time PCR, and we
observed an increase of rIAPP gene expression of about 1.6
times in rIAPP cells as compared with control cells (Fig. 1C). In
rIAPP cells, IAPP protein levels were higher than control and
similar to hIAPP cells (Fig. 1D). Insulin secretion from rIAPP
cells at 16.7 mM glucose was increased 20-fold relative to secre-
tion at 2.8mMglucose andwas similar to secretion fromcontrol
cells in the same conditions (Fig. 2A). To confirm our results,
we have overexpressed hIAPP gene in rat pancreatic islets by
lentiviral transduction. The infection was effective, and hIAPP
islets showed a strong hIAPP gene expression (Fig. 3A). We
observed that insulin secretion in response to 16.7 mM glucose
was decreased in hIAPP-overexpressed islets as compared with
control islets (1.57 � 0.09 versus 2.60 � 0.26% insulin release
expressed as a percentage of insulin content) (Fig. 3B). These
data strongly support our results obtained in INS1E cells.

FIGURE 1. Characterization of stable INS1E clones overexpressing hIAPP and rIAPP. Cells were routinely cultured in RPMI medium at 11.1 mM glucose.
A, hIAPP mRNA levels of stable INS1E clones were detected by real-time PCR. The data were normalized to GAPDH mRNA and presented as relative to the
hIAPP1 cells *, p � 0.05 versus hIAPP1 cells (n � 3–5). B, specificity of hIAPP immunostaining. Immunodetection of hIAPP in control cells and hIAPP cells (�40);
IAPP immunostaining is detected in the cytoplasm. Bar is 50 �m. C, rIAPP mRNA levels of stable INS1E clones were detected by real-time PCR. The data were
normalized to GAPDH mRNA and presented as relative to control cells *, p � 0.05 versus control cells (n � 3–5). D, total IAPP content was measured by ELISA
assay in cells cultured in routine culture medium (11.1 mM). *, p � 0.05 versus control cells (n � 4). Results are expressed as mean � S.E.
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hIAPP-expressing Cells Present Immunoreactivity for Intra-
cellular Oligomers—The immunogold labeling for oligomers
was mostly detected in hIAPP cells as compared with control
cells (1.78� 0.32 versus 0.53� 0.10 gold particle number/�m2)
and was reinforced in the cytoplasm in association with the
endoplasmic reticulum (ER). Moreover, a few oligomer immu-
nogold particles were also observed in insulin granules and
close to the plasmamembrane in hIAPP cells (Fig. 4). It has been
previously suggested that oligomers were the toxic form of IAPP
causing the apoptosis of beta-cells (27, 36). In our culture condi-
tions, therewas no change in cell death (supplemental Fig. S1) and
in the expression of genes involved in ER stress (supplemental Fig.
S2) in hIAPP cells as compared with control cells.
hIAPP Cells Fail to Mobilize Intracellular Ca2� in Response

to Glucose—It is well known that calcium is an essential trigger
for the exocytosis of insulin granules. At 2.8mM glucose, hIAPP
cells showed a greater [Ca2�]i than control cells (Fig. 5A). Con-
sistent with a defective insulin secretion, the study of calcium
signals demonstrated an absence of response to glucose in
hIAPP cells. Although 76.61% of control cells tested (194/201)
exhibited a normal Ca2� mobilization in response to 16.7 mM

glucose, none of the hIAPP cells tested were able to respond to
glucose (0/192) (Fig. 5B). As we have shown for insulin secre-
tion response, the exposure of hIAPP cells to KCl induced a
strong increase of intracellular Ca2� concentration (Fig. 5B).

Therefore, the defect that inhibits GSIS must be upstream of
VCC activation.
Coupling Efficiency of Oxidative Phosphorylation Is Unal-

tered in hIAPP Cells—Because mitochondria are key determi-
nants in GSIS, we investigated the respiratory capacity of our
stable INS1E cell lines. hIAPP cells had the same respiratory
rate relative to controls at 2.8 mM, and in response to 16.7 mM

glucose stimulation, O2 consumption increased to the same
extent in both clones (Fig. 6). After the addition of oligomycin,
an inhibitor of ATP synthase, the remaining consumption of
oxygen, which represents the endogenous proton leak activity,
was identical in both cell lines (Fig. 6). We have also calculated
the coupling efficiency (percentage of respiratory activity used
to synthesize ATP), which corresponds to the difference
between oxygen consumption in basal and oligomycin-treated
conditions, and it was similar (about 40%) in hIAPP and control
cells. In accordance with these data, we did not observe a dif-
ference inATP levels betweenhIAPP and control cells (Fig. 7C).
Moreover, the ratio of mitochondrial to cytoplasmic DNA,
which reflects the mitochondria content (supplemental Fig.
S3), and the expression of genes involved in mitochondrial bio-
genesis (mitochondrial transcription factor A (TFAM) and
nuclear respiratory factor 1 (NRF1)) were similar between both
cell clones (supplemental Fig. S2). Moreover, we did not

FIGURE 2. Secretory capacity in response to glucose in stable INS1E clones. A and B, 2 h before analyses, cells were depleted without glucose, after which
insulin and IAPP release was measured following 1.5 h of incubation at basal 2.8 mM glucose and stimulatory 16.7 mM glucose. C, insulin secretion was also
measured in the presence of 30 mM KCl. Insulin (A and C) and IAPP (B) secretion was tested in stable INS1E clones. Values were normalized to total cellular
content of insulin and IAPP, respectively.*, p � 0.05; **, p � 0.01 versus secretion at 2.8 mM glucose; #, p � 0.05; ##, p � 0.01 versus corresponding control (n �
5). Results are expressed as mean � S.E. D, electronic microscopy images from control and hIAPP cells. After 2 h of 2.8 mM glucose stimulation, secretory vesicles
are detected in both clones (panels a and c). After 2 h of 16.7 mM glucose stimulation, secretory vesicles are not detected in control cells (panel b) but seem to
be accumulated at the plasma membrane in hIAPP cells (arrows in panel d). Bars are 0.2 �m.
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observe any changes in the protein expression ofmitochondrial
respiratory chain subunits (supplemental Fig. S4).
Maximal Respiratory Capacity and Mitochondrial Mem-

brane Potential Are Increased in hIAPPCells—FCCP is a chem-
ical uncoupler that can completely uncouplemitochondria and
maximize their respiratory capacity. Thus, the FCCP-stimu-
latedO2 consumption reflects themaximal capacity of the elec-
tron transport system. FCCP-stimulated O2 consumption is
increased in the hIAPP cells as compared with controls
(79.62 � 8.84 versus 46.56 � 6.25 pmol/s/million of cells) (Fig.
6).Mitochondrial membrane potential (��m) reflects the activ-
ity of the electron transport system. In agreement with the pre-
vious result, hIAPP cells exhibited a significantly increased
mitochondrial membrane potential relative to control cells,
which is represented by a greater decrease of probe fluores-
cence (�F) in response to glucose stimulation (35.97 � 1.45
versus 20.43� 1.73% of decrease relative to 2.8mM glucose, p�
0.05) (Fig. 7A). ��m is an important regulator of mitochondrial
ROS, and the generation of ROS is exponentially dependent on
��m (37). In agreementwith these data, ROS levelswere greater
in hIAPP than control cells (Fig. 7B) under glucose stimulation.
We then investigated the key step between the ATP production
and the opening of VCC: the closure of KATP channels.
hIAPP Cells Fail to Mobilize Intracellular Ca2� in Response

to Sulfonylurea—We explored the activity of the KATP channel
in a glucose-independent manner, using a sulfonylurea drug,
tolbutamide. This compound stimulates insulin secretion by
binding to KATP channels and inducing their closure. Consis-

tent with a defect in KATP channel function, hIAPP cells
responded poorly to tolbutamide (Fig. 8A). Indeed, whereas
97.05% of control cells (132/136) showed a normal response to
tolbutamide, only 9.6% of hIAPP cells (9/93) were able to
respond (Fig. 8B). Because KATP channel activity is mostly reg-
ulated at the transcriptional level, we measured the gene
expression of the channel subunits. There was no difference in
the expression of Kir6.2 or SUR1 genes between control and
hIAPP cells (supplemental Fig. S2).

DISCUSSION

Amyloid deposition is a recognized hallmark of the islets of
type 2 diabetic patients, with the main component of amyloid
deposits being the islet amyloid polypeptide. There is strong
evidence supporting the key role of amyloidogenesis in the pro-
gressive loss of pancreatic beta-cell function and mass. In this
study, we generated rat pancreatic INS1E beta-cell lines that
stably overexpressed the human IAPP gene. In addition to
human IAPP gene expression, these cells also showed an
increase presence of IAPP protein, but they failed to show apo-
ptosis under the conditions present in our study. This result is
not in accordance with a recent study involving COS-1 cells,
which showed that transient hIAPP overexpression induced
apoptosis (38). The difference in results could be due to the
different cellular models used; COS-1 cells are derived from
kidney cells, whereas INS1E cells are derived from pancreatic
beta-cells. In accordance with previous works reviewed (39),
the overexpression of hIAPP in our study induced the forma-
tion of intracellular amyloid oligomers, detected by the A11
antibody. This antibody has been well described and character-
ized (27) and has been used in various recent studies (28, 40).
Nevertheless, the specificity of the antibody was questioned.
Indeed, Yoshiike et al. (41) have demonstrated that A11 anti-
body also bound natively folded proteins such as heat shock
proteins, and on the contrary, Lin et al. (42) proved the speci-
ficity of this antibody in detecting toxic oligomers in islets of
hIAPP, but not in rIAPP transgenic mice. In agreement with
these last data, in our model, the difference between control
cells, which only express rIAPP, and hIAPP-expressing cells is
strongly significant. In addition, our results are also in agree-
ment with the data published by Gurlo et al. (28) that showed
the presence of oligomer labeling in the cytoplasm in associa-
tion with the ER. Nevertheless, despite the presence of these
deposits, we did not detect ER stress in the hIAPP cells, which
supports the findings of a study on hIAPP transgenic mice in
which the authors demonstrated that amyloid formation was
not associatedwith significant increases in the expression of ER
stress markers (43).
We reported here that hIAPP cells showed a failure in insulin

and IAPP secretion in response to glucose stimulation, whereas
rIAPP cells did not present these defects. Unlike hIAPP, rIAPP
is a non-amyloidogenic form that does not accumulate and
does not induce oligomer and/or fibril deposition in beta-cells
(5). Our results prove that hIAPP overexpression specifically
induces the defect in insulin secretion, possibly due to its capac-
ity to aggregate and form intracellular oligomers. In addition, to
confirm our results, we have overexpressed hIAPP in rat pan-
creatic islets using lentiviral infection, which allowed us to

FIGURE 3. Characterization and secretory capacity of islets overexpress-
ing hIAPP. Islets were cultured in RPMI medium at 5.5 mM glucose. A, hIAPP
mRNA levels of islets overexpressing hIAPP (hIAPP islets) were detected by
real-time PCR. The data were normalized to GAPDH mRNA and presented as
relative to control islets infected by pLenti-LacZ (control islets). **, p � 0.01
versus control islets (n � 3). B, 2 h before analyses, islets were depleted with-
out glucose, after which insulin release was measured following 1.5 h of incu-
bation at basal 2.8 mM glucose and stimulatory 16.7 mM glucose. Insulin secre-
tion was tested in islets infected by pLenti-LacZ or pLenti-hIAPP. Values were
normalized to total cellular content of insulin. **, p � 0.01 versus secretion at
2.8 mM glucose; ##, p � 0.01 versus corresponding control (n � 3). Results are
expressed as mean � S.E.
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obtain a long term hIAPP overexpression. The results obtained
in primary cells strongly reinforced our data in INS1E cells,
demonstrating that hIAPP overexpression altered insulin
secretion in response to glucose.
Different studies have demonstrated that IAPP can inhibit

GSIS (13–15); however, the mechanism has not been estab-
lished. To gain insight into the mechanisms underlying this
defective secretory response, we explored intracellular calcium
levels and their mobilization in response to glucose. In agree-
ment with many previous studies, we reported an increase in
intracellular Ca2� in hIAPP cells as compared with controls.
The mechanisms described previously include the direct for-
mation of Ca2�-permeable pores by the amyloid oligomers
themselves and the activation of VCC (11, 44) in the plasma
membrane and/or in the ER. Indeed, it has been shown that
hIAPP overexpression provokes the formation of intracellular
oligomers (28, 38) and that amyloid oligomers increase intra-
cellular Ca2� in neurons and astrocytes (45–48). Zhu et al. (29)
have demonstrated that high concentrations of hIAPP inhib-
ited the activity of VCC, leading to a defect in the intracellular
Ca2� mobilization in pancreatic islets, and they suggested that
this could explain the failure in GSIS. In accordance with these
data, our hIAPP cells, which showed high hIAPP protein levels,
failed to increase intracellular Ca2� in response to glucose.
Nevertheless, in our model, this defect did not appear to be
associated with a failure of Ca2� channel activity as exposure of
hIAPP cells to KCl induced robust intracellular Ca2� mobiliza-

tion and also insulin secretion. Indeed, KCl induced a depolar-
ization of the plasma membrane and consequently induced
Ca2� mobilization, independently of the closure of KATP
channels.
Because mitochondrial defects in beta-cells perturb GSIS

and might be associated with diabetes (49, 50), we investigated
themitochondrial metabolism in our clones. The coupling effi-
ciency of oxidative phosphorylation can be defined as the part
of the mitochondrial respiratory rate that is used for ATP pro-
duction. In agreement with a previous study (51), we showed
that INS1E cells exhibited a high proton leak activity, whichwas
observed following the addition of an ATP synthase inhibitor,
oligomycin. Thus, the coupling efficiency (about 40%) was low
as compared with values reported for other mammalian (and
non-mammalian) cells. Moreover, the coupling efficiency was
similar in our hIAPP and control cells, as with the ATP levels. It
is known that the concentration of ATP remains nearly con-
stant in beta-cells, with small changes inATP concentrations as
a characteristic feature of the response of beta-cells to glucose
stimulation (52). Thus, it is very difficult to detect any differ-
ences in ATP concentrations, taking into consideration the
data of ATP concentrations in beta-cell models.
The maximal respiratory capacity measured in the presence

of excess chemical uncoupler FCCP was higher in hIAPP cells
than in control cells. This result was in accordance with the
high ��m reflecting electron transport system capacity. Our
results are not in accordance with recent studies showing that

FIGURE 4. Cellular localization of intracellular oligomers in hIAPP cells. Immunogold labeling for oligomers in hIAPP-non-expressing cells (control) (panels
a, b, and b�) and hIAPP-expressing cells (hIAPP cells) (panels c, d, and d�) is shown; panels b� and d� were enlargements of panels b and d, respectively. Oligomers
were only detected in hIAPP cells in the ER (arrows in panel d�), in insulin granules (IG) (arrow in panel d), and associated to the plasma membrane (PM) (arrow
in panel c). Bars are 0.2 �m. *, p � 0.05 versus control cells.
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extracellular treatment with hIAPP induced mitochondrial
dysfunction. Indeed, Li et al. (53) showed that extracellular
treatment with hIAPP reduced intracellular ATP content and
��m in INS1E cells. Furthermore, Lim et al. (54) showed that
amyloid �, which is involved in the neuronal loss that takes
place in Alzheimer disease, and hIAPP share a common path-
way by inhibiting the activity of the mitochondrial complex IV.
This disagreement could be explained by different cellular
responses to the presence of extracellular fibrils or intracellular

oligomers, especially because it has already been described that
the two forms of amyloid deposits do not have the same cellular
actions (36). A change in ��m could be explained by a modula-
tion of “��m producer” (i.e. the mitochondrial respiratory
chain) and/or “��m consumer” (i.e. either phosphorylation or
endogenous proton leak activity) (51). We have observed that
there was no increase in ��m consumers because the coupling
efficiency and the endogenous proton leak activity were similar
in both clones. Although we did not show changes in the
expression of OXPHOS proteins, there could be an increase in
the activity of these components in hIAPP cells, in particular
complex I, which is the major site of ROS production. Indeed,
hIAPP cells showed higher ROS levels than control cells. These
results are in accordance with a study by Zraika et al. (55), who
demonstrated that hIAPP transgenic islets cultured in 16.7 mM

glucose showed elevated ROS levels in relation to control islets
cultured under the same conditions. An explanation consistent
with our results could involve the elevated ��m in hIAPP cells.
It has been shown that the generation of ROS is exponentially
dependent on ��m (37). ROS generation correlates well with
metabolic rates, suggesting that a faster metabolism simply
results in more respiratory chain leakage (56, 57). Indeed, sev-
eral recent studies showed that mitochondrial ROS could be a
good candidate for rapidly regulating pathways that depend
directly on metabolic fluxes. Among others, Leloup et al. (58)
demonstrated that glucose-induced mitochondrial ROS pro-
duction is an obligatory stimulus for insulin secretion, although

FIGURE 5. Intracellular Ca2� signals clones in response to glucose in sta-
ble INS1E. Cells were cultured overnight at 2.8 mM glucose before analyses.
Intracellular Ca2� levels were detected with fura 2-AM fluorescent probe.
A, basal intracellular Ca2� concentrations were measured at basal 2.8 mM

glucose. *, p � 0.05 versus control cells (n � 192–201). Results are expressed as
mean � S.E. B, representative diagram of measurement of intracellular cal-
cium in response to the addition of 16.7 mM glucose and 30 mM KCl. Fluores-
cence changes are expressed as the ratio of fluorescence at 340 and 380 nm
(F340/F380).

FIGURE 6. Mitochondrial respiratory capacity and coupling efficiency in
stable INS1E clones. Cells were cultured overnight at 2.8 mM glucose before
analyses. Cells were placed into an oxymeter chamber and stabilized for at
least 10 min. O2 consumption was measured at 2.8 and 16.7 mM glucose by
raising the glucose concentration directly in the oxymeter chamber without
any drugs. Then, the uncoupled respiration was tested by the addition of
oligomycin, and the maximal respiratory capacity was measured in the pres-
ence of FCCP. *, p � 0.05 versus O2 consumption at 2.8 mM glucose. #, p � 0.05
versus control cells (n � 8). Results are expressed as mean � S.E.

FIGURE 7. ��m, ROS, and ATP levels in stable INS1E clones. Cells were
cultured overnight at 2.8 mM glucose before analyses. A, ��m was monitored
as rhodamine-123 fluorescence, and hyperpolarization was induced by rais-
ing glucose from basal 2.8 mM to stimulatory 16.7 mM. Complete depolariza-
tion of the mitochondrial membrane was induced by the addition of 2 mM of
the mitochondrial toxicant cyanide (CN�). *, p � 0.05 versus ��m at 2.8 mM

glucose; #, p � 0.05 versus corresponding control cells (n � 139 –150). B, ROS
levels were measured following a 2-h incubation at 16.7 mM glucose using
CM-H2DCFDA fluorescent probe. *, p � 0.05 versus ROS level at 2.8 mM glu-
cose; #, p � 0.05 versus corresponding control cells (n � 6). C, ATP levels were
measured following a 30-min incubation at 16.7 mM glucose using a luciferin-
luciferase bioluminescent assay (n � 3–5). Results are expressed as mean �
S.E.
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the mechanism leading to insulin secretion has not been iden-
tified. Therefore, it is possible that activation of mitochondrial
metabolism linked to the increase in ROS production can be
used by hIAPP cells as a defense mechanism to counteract the
defect in insulin secretion.
Elevated ROS levels can lead to the progressive loss of beta-

cell function and contribute to the development of type 2 dia-
betes by impairing GSIS (59, 60). Keeping these data in mind,
high ROS levels in hIAPP could provide an explanation for the
defect in insulin secretion in response to glucose that we have
observed in this present study. Nevertheless, at 2.8 mM glucose,
a condition under which we did not observe elevated ROS lev-
els, we observed a defect in Ca2� mobilization in response to
tolbutamide in hIAPP cells, as compared with controls. The
elevated ROS production could not justify the defect of Ca2�

mobilization in response to tolbutamide. This molecule is a
sulfonylurea drug that binds directly to KATP channels and
induces insulin secretion, independently of any changes in cel-
lular metabolic status. Our results strongly suggest that the
functionality of the KATP channel was impaired in hIAPP cells,
in agreement with the study led by Salas et al. (13) that showed
that IAPP inhibits insulin secretion in response to sulfonylurea
in a perfused rat pancreas. Although further investigation is
needed to demonstrate the precisemechanism bywhich hIAPP
affects KATP channel activity, we propose that hIAPP oligomers
could be involved in altering the binding of tolbutamide orATP
within the channel. This hypothesis is supported by recent data

published by Zhu et al. (29), which demonstrate that hIAPP
inhibits the activity of ions channels probably by a direct effect.
Our study sheds new light on the mechanisms by which

hIAPP inhibits insulin secretion. We conclude that hIAPP
alters KATP channel activity, leading to a defect in insulin and
IAPP secretion in response to glucose. The increase in mito-
chondrial activitymay be a compensatorymechanism for coun-
teracting these defects.
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